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Skin melanoma is the sixth most commonly diagnosed cancer in the United States, whose incidence has increased dramatically in the past 30 years. Localized melanoma is treated quite successfully by surgery but spreads rapidly if not caught early. Metastatic melanoma is one of the most aggressive and therapy-resistant human cancers, and, in 2011, the 5-year relative survival was just 16% (SEER Cancer Statistics Review, 1975 , National Cancer Institute, http://seer.cancer.gov/archive/csr/ 1975_2011). Activating mutations in the serine/threonine kinase BRAF are the most prevalent driving mutations for melanoma, with additional lesions being required for tumor development (Davies et al. 2002) . Two selective BRAF kinase inhibitors have been approved for treatment of BRAF mutant metastatic melanomas. These drugs yield significant tumor regression, but most patients develop resistance that induces relapse (Flaherty et al. 2010; Holderfield et al. 2014 ). This reinforces the need to elucidate mechanisms of melanoma metastasis. Classic models postulate that cancer progression reflects acquisition of mutations that enable a more metastatic state. In contrast to this model, melanoma cells are able to switch between two distinct states, one highly proliferative and the other highly invasive, which are characterized by distinct gene expression signatures (Hoek et al. 2008; Ghislin et al. 2012) . It seems likely that epigenetic alterations underlie this switch, but the regulatory mechanisms are unknown.
BMI1 is an epigenetic regulator that represses gene transcription via its participation in the Polycomb-repressive complex 1. BMI1 was originally identified as an oncogene, and subsequent studies showed that BMI1 maintains the self-renewal and proliferative capacity of adult stem cells via transcriptional silencing of the p16-INK4a, p19-ARF, and p21-Cip1 tumor suppressor loci (Park et al. 2004; Valk-Lingbeek et al. 2004 ). Accordingly, BMI1 loss was found to impair the development of various autochthonous tumor types at least in part via derepression of p16-INK4a, p19-ARF, and p21-Cip1 (Lessard and Sauvageau 2003; Dovey et al. 2008; Maynard et al. 2014) . Notably, several of these studies reported impaired proliferative and self-renewal potential of the tumor-initiating cells (Lessard and Sauvageau 2003; Dovey et al. 2008; Maynard et al. 2014) , establishing that BMI1 plays a key role in both adult stem cells and tumor-initiating cells. However, this does not rule out other mechanisms of BMI1's oncogenic action, particularly with regard to tumor progression. In support of this latter role, BMI1's expression increases with progression in many human tumors, and this is an excellent predictor of both progression and poor prognosis (Glinsky et al. 2005 ). Moreover, in vitro studies have implicated BMI1 in cell invasion, metastasis, and chemoresistance through a variety of activities (Berezovska et al. 2006; Song et al. 2009; Wellner et al. 2009; Yang et al. 2010; Gieni et al. 2011; Du et al. 2012; Liu et al. 2012a Liu et al. , 2014 Sun et al. 2012; Chou et al. 2013) . However, to date, the negative impact of BMI1 depletion on cell proliferation and primary tumor development has precluded a clear evaluation of BMI1's contribution to tumor progression. In this study, we identify melanoma as a tumor in which BMI1 levels increase with progression without having an effect on proliferation or primary tumor growth. Analysis of this tumor type reveals a critical role for BMI1 in both melanoma metastasis and resistance to BRAF inhibitor treatment, which reflects activation of a widespread gene expression signature that predicts the invasive state and poor patient outcome.
Results

BMI1 controls melanoma cell metastatic dissemination without promoting cell proliferation
Prior studies have yielded conflicting results about BMI1 expression in melanoma, with one study concluding that BMI1 increases with progression (Mihic-Probst et al. 2007) , and another concluding the opposite (Bachmann et al. 2008) . Thus, we compared BMI1 expression levels in metastatic versus primary melanoma samples from three different human data sets (GSE8401 [Xu et al. 2008] , The Cancer Genome Atlas-Skin Cutaneous Melanoma [TCGA-SKCM] [The Cancer Genome Atlas Network 2015] , and GSE46517 [Kabbarah et al. 2010] ) and also tumors derived from metastatic versus nonmetastatic melanoma mouse models [GSE29074 data set (Scott et al. 2011)] . In all four cases, BMI1 was significantly elevated (P = 0.000225, P = 0.0175, P < 0.0001, and P = 0.0022) in the metastatic lesions ( Fig. 1A ; Supplemental  Fig. S1A ). Accordingly, quantitative real-time PCR (qPCR) showed that BMI1 mRNA levels were typically higher in human cell lines derived from metastatic sites versus the primary tumor (Supplemental Fig. S1B ). We also examined two existing melanoma cell line series in which parental cells had been used to derive more metastatic variants: human A375 and its more metastatic variant, MA2, which are the BRAF and CDKN2A mutants (Xu et al. 2008) , and murine B16F0 and the increasingly metastatic variants B16F1 and B16F10, which are the Braf wild type and Cdkn2a mutant (Fidler 1973) . We found that BMI1 levels did not differ significantly between the parental and derivative lines (Supplemental Fig. S1C , E). Thus, these data show that elevated BMI1 is often associated with, but is not a prerequisite for, enhanced metastatic potential of melanoma.
Given these findings, we wanted to determine whether BMI1 expression influenced the metastatic potential of melanoma cell lines. Thus, we infected A375, MA2, Cloudman S91, B16F0, B16F1, and B16F10 cells with lentiviruses expressing murine BMI1 or GFP as a control to yield stable pools of cells here called BMI1 or CTL (Fig.  1B; Supplemental Fig. S1D ). BMI1 levels did not alter in CTL cells relative to parental controls but increased between 1.65-fold and eightfold in the BMI1 variants ( Fig. 1B; Supplemental Fig. S1D,E) . We also created knockdown variants of the more metastatic lines, MA2 and B16F10, by infection with lentiviruses expressing different shRNAs for human (MA2) or murine (B16F10) BMI1. We assessed the degree of knockdown in the resulting sh-BMI1 pools compared with sh-Ctl and selected two sh-BMI1 variants for both MA2 (sh1 = 30% and sh2 = 95% knockdown) and B16F10 (sh1 = 91% and sh2 = 85% knockdown) for further analysis ( Fig. 1B ; Supplemental  Fig. S1D ). We then compared the properties of BMI1 versus CTL and sh-BMI1 versus sh-Ctl in various assays. In all cases, the CTL and sh-Ctl cells closely resembled the parental (uninfected) cells (data not shown).
We first examined proliferation rates in vitro (Fig. 1C) . In stark contrast to the proproliferative effect of BMI1 in most cell types, elevated BMI1 expression had no detectable effect on the proliferation of A375 and B16F0 cells and actually yielded a small but significant reduction in B16F1, B16F10, and MA2 proliferation (Fig. 1C) . Moreover, near complete BMI1 knockdown did not reduce the proliferative capacity of either B16F10 or MA2 cells (Fig. 1C) . We next examined the ability of representative cell lines to yield tumors in vivo. When injected subcutaneously into NOD/SCID (A375 and MA2 cells) or syngeneic (B16F10 cells) mice, we saw no significant increase in size or development rate of primary tumors arising from BMI1 versus CTL cells (Fig. 1D ). If anything, BMI1 tumors trended toward reduced tumor growth, although not statistically significant. Moreover, the B16F10 sh-BMI1 cells formed primary tumors as well as their shCtl counterparts (Fig. 1D) . Thus, in melanoma cells, BMI1 levels play little or no role in proliferation or primary tumor growth.
We also analyzed mice with subcutaneous tumors from CTL or BMI1 B16F10 cells for the presence of lung metastases. As the primary tumors grow rapidly, we had to screen only 3 wk after tumor cell injection. Despite this short time frame, one of seven B16F10 BMI1-expressing tumors actually yielded lung metastases, compared with zero of five B16F10 CTL tumors. This raised the possibility that BMI1 variants have an increased ability to colonize distant organs. Thus, we performed an in vivo metastasis assay in which CTL versus BMI1 MA2 or B16F10 cells were injected into the tail vein (n = 7 mice per variant), and lung tumors were assessed ( Fig. 1E,G ; Supplemental Fig. S1F ). Strikingly, in both MA2 and B16F10, higher BMI1 levels caused many more lung tumors ( Fig. 1E ,G; Supplemental Fig. S1F ). Importantly, consistent with our in vitro proliferation assays, there was no difference in the proliferative index of BMI1 versus CTL lung tumors (Fig. 1F) . We also conducted tail vein injections with the B16F10 sh-CTL, shBMI1#1, and shBMI#2 cells and saw a significant reduction in lung tumor numbers that was proportional to the degree of BMI1 knockdown (Fig. 1H) . Thus, BMI1 acts in a dose-dependent manner to determine the metastatic potential of melanoma cells, and this is independent of altered proliferation or primary tumor growth.
BMI1 overexpression promotes melanoma cell invasion and distant site colonization
Having shown that BMI1 promotes metastases formation, we assessed BMI1's ability to modulate specific stages of the metastatic cascade. First, we examined migration using wound healing assays (for A375, B16F0, B16F1, and B16F10 BMI1 vs. CTL cells, and MA2 and B16F10 sh-Ctl vs. sh-BMI1 lines) ( Fig. 2A ; Supplemental Fig. S2A ) and transwell migration assays (for A375, S91, and B16F10 BMI1 vs. CTL cells) (Supplemental Fig. S2B ). Migration was significantly increased by BMI1 in all cases and significantly decreased with the highest degree of BMI1 knockdown (sh#2 for MA2 and sh#1 for B16F10). We then used an in vivo extravasation assay to assess BMI1's contribution to metastasis seeding. BMI1 or parental B16F10 cells were labeled with a red fluorescent dye (CMRA) and injected into the tail veins of nude mice (n = 3 for each variant and time point). Two hours later, equivalent numbers of BMI1 and parental cells were found in the lungs, indicating comparable capillary entrapment (data not shown). In contrast, 48 h after injection showed a significant increase (1.6-fold) in lung occupancy of BMI1 versus parental cells (Fig. 2B) . Importantly, we confirmed that the CRMA-labeled tumor cells had exited the blood vessels (detected by CD31 immunostaining) and colonized the lung parenchyma (Supplemental Fig. S2C ). We then used in vitro extravasation assays to compare the ability of BMI1 and CTL A375 cells to invade through an endothelial cell monolayer (Fig. 2C) . Again, the BMI1 cells migrated significantly better than CTL cells (+35%; P = 0.001), showing that BMI1 enhances extravasation in a cellautonomous manner. Metalloproteinases (MMPs) are known to enable melanoma cell migration and invasion (Bartolome et al. 2006) . Using gelatin zymography with conditioned media derived from equal cell numbers, we showed that BMI1 A375 and MA2 variants had higher MMP2 gelatinase activity than the CTL cells (Supplemental Fig. S2F ). Since metastatic cells often show modulation of adhesion molecules and altered ability to bind extracellular matrix (ECM) components, we also tested BMI1's influence on cell adhesion to collagen and/or fibronectin. For all lines examined, adherence was significantly enhanced by BMI1 up-regulation ( Fig. 2D; Supplemental Fig. S2D ) and significantly reduced by BMI1 knockdown (Fig. 2E) . Finally, BMI1 expression also caused morphological changes by which BMI1 A375 and MA2 cells had a more elongated (mesenchymal type) morphology versus the more round (amoeboid type) morphology of CTL cells (Supplemental Fig. S2E ). Thus, our in vivo and in vitro data show that BMI1 increases the metastatic potential of melanoma cells, and this reflects enhancement of all stages of the metastatic cascade.
BMI1 promotes cell survival
Apoptosis resistance is a powerful enabler of metastasis because proapoptotic stimuli are encountered at many stages, including nutrient depletion, while in the circulation and anoikis resulting from ECM detachment (Mehlen and Puisieux 2006) . By culturing BMI1 and CTL melanoma cells without serum (starvation) or substratum contact (anoikis), we showed that BMI1 significantly reduced starvation-induced apoptosis in A375 (−26%; P < 0.05), MA2 (−54%; P < 0.01), B16F10 (−35%; P < 0.05), and S91 (−34%; P < 0.05) cells ( Fig. 2F ) and also the propensity of A375 (−19%; P < 0.05) and MA2 (−34%; P < 0.05) cells to undergo anoikis (Supplemental Fig. S2G ). BMI1 also reduced PARP cleavage in response to starvation and anoikis ( Fig. 2F ). Finally, we tested BMI1 and CTL A375, MA2, and B16F0 cells in low-seeding colony formation assays (Supplemental Fig. S2G ) and found that BMI1 significantly increased single-cell colony formation (2.6-fold, P < 0.01 for A375; 2.8-fold, P < 0.001 for MA2; and 1.5-fold, P < 0.05 for B16F0). Thus, we conclude that BMI1 enables acquired resistance to apoptotic stimuli and promotes the survival and/or colony-forming potential of single cells.
BMI1 induces expression of an invasive gene signature in melanoma
Given BMI1's role as an epigenetic regulator, it seemed likely that BMI1 promotes metastasis via gene expression changes. Previous studies have shown that BMI1 can modulate the expression of metastatic regulators PTEN and AKT (Song et al. 2009; Liu et al. 2012b) , which are important in melanoma (Dankort et al. 2009; Madhunapantula et al. 2011 ). Thus, we examined the levels of PTEN, AKT, the active phospho-AKT isoform, and their downstream target, GSK-3β (Supplemental Fig. S3A-I ). Unexpectedly, BMI1 overexpression had no effect on the levels or activity of these regulators in A375, MA2, or B16F10 cells. Having ruled out these known BMI1 targets, we performed RNA sequencing (RNA-seq) analysis on BMI1 versus CTL A375 cells using three independent samples per variant. This identified 949 genes that were differentially expressed (DE) between BMI1 and CTL cells (q-value ≤ 0.05; fold change ≥ 1.5), of which 842 were up-regulated and 107 down-regulated by BMI1 overexpression. We also identified a higher confidence signature (q-value ≤ 0.05; fold change ≥ 3) that comprised 288 up-regulated genes and 16 down-regulated genes in the BMI1 variant. The data set is available on Gene Expression Omnibus (GEO; GSE71890), and the DE genes are listed in Supplemental Table S1 , with a heat map showing their hierarchical clustering in Figure 3A . We used Ingenuity Pathway Analysis (IPA) to classify the DE genes into functional groups. This revealed significant enrichment of pathways involved in cellular movement and morphology ( Fig. 3B ; Supplemental Fig. S4A ). These included Wnt and TGFβ signaling pathways, which play key roles in migration, invasion, and tumor progression in cancer generally and melanoma especially. We also saw significant enrichment of EMT regulators (Supplemental Fig. S4A ). Gene set enrichment analysis (GSEA) (Subramanian et al. 2005 ) revealed enrichment of Molecular Signatures Database (MSigDB) gene sets associated with activation of Wnt, TGFβ, and EMT signaling pathways and genes associated with invasion, migration, and ECM organization ( Fig. 3C ; Supplemental Fig. S4B ). To further explore this interplay, we used custom gene sets that had been assembled based on gene ontology to include defining components of noncanonical Wnt, TGFβ, EGF/PDGF, EMT, and adhesion programs. For all of these custom gene sets, the majority of the constituent genes were differentially regulated between BMI1 and CTL A375 cells, consistent with increased pathway signaling in the BMI1 cells (Supplemental Fig. S4C ). Previous studies have identified two distinct gene signatures in melanoma, corresponding to proliferative versus invasive transition states (Hoek and Goding 2010) . The proliferative state correlates with better prognosis and is characterized by high expression of melanocytic markers, including the transcription factor MITF, while the invasive signature is characterized by TGFβ and noncanonical Wnt signaling (Hoek and Goding 2010) . We used GSEA to determine whether our BMI1-induced signature correlated with either of these signatures. We found highly significant enrichment of the invasive signature (q-value = 0.009) (Fig. 3D ) in our BMI1 gene set. In contrast, there was no significant enrichment, including no anti-correlation, with the proliferative state (q-value = 0.177) (data not shown). Accordingly, our BMI1 variants show no alterations in the expression of MITF or its downstream targets (e.g., TYR, CDKN1B, and SERPINF1). Thus, BMI1 is able to activate the invasive program without impacting MITF expression.
To further validate BMI1's effect on the invasive program, we used qPCR to compare the levels of key components of the EMT (Fig. 4A) , TGFβ (Fig. 4B) , noncanonical Wnt/PKC (protein kinase C) (Fig. 4C) , and EGF/PDGF (Fig. 4D ) pathways in BMI1 versus CTL A375 cells and saw significant up-regulation of many of these regulators. We also extended this qPCR analysis to the MA2 and B16F10 cell lines. Although there were some gene-togene differences, we found that key regulators of the TGFβ, noncanonical Wnt, EMT, and EGFR pathways were also up-regulated in these BMI1-expressing variants ( Fig. 4E-H Genes related to Wnt-mediated signal transduction
Genes associated with migration of EMT, noncanonical Wnt, TGFβ, and PDGF pathways were down-regulated in B16F10 cells after BMI1 knockdown (Supplemental Fig. S5B ). Validation by Western blotting of selected targets and downstream regulators was carried out in A375 and MA2 cells ( Fig. 4I ; Supplemental Fig. S5C-F) . We looked more closely at the noncanonical Wnt pathway because this is one of the best-known markers of malignant melanoma. We observed significant up-regulation of the Wnt5a ligand and its coreceptor, ROR2, in BMI1 variants ( Fig. 4C,G; Supplemental Fig. S5A ) and down-regulation in B16F10-shBMI1 cells (Supplemental Fig. S5B ). Additionally, we saw up-regulation and activation of PKCα (Fig. 4C,G,I ; Supplemental Fig. S5C ), which has been linked to Wnt5a-induced melanoma migration (Dissanayake et al. 2007 ). Accordingly, we found that the PKCα inhibitor Gö6976 suppressed the migration of BMI1 melanoma cells (data not shown). Noncanonical BMI1 enhances metastatic dissemination of melanoma
Wnt signaling is frequently associated with down-regulation of the canonical Wnt pathway in melanoma (Lucero et al. 2010) . However, there are clear exceptions to this rule (Larue and Delmas 2006) and conflicting views on whether canonical Wnt facilitates or impedes melanoma metastasis (Lucero et al. 2010) . We saw no difference in the levels of total or nonphosphorylated (active) β-catenin between the BMI1 and CTL variants in the three cell lines examined (Supplemental Fig. S4E-G) . However, BMI increased the levels of nuclear β-catenin in both A375 (1.8-fold) and MA2 (twofold) cells (Fig. 4J) . Moreover, many β-catenin-responsive genes were up-regulated in the BMI1-induced signature (Supplemental Table S1 ), and representative targets (AXIN2, NRCAM, and RHOU) were validated by qPCR (data not shown). These data show that high BMI1 levels lead to a widespread gene expression change that includes activation of key hallmarks of the invasive state of metastatic melanoma while sustaining expression of core determinants of the proliferative state (MITF and β-catenin).
BMI1 confers resistance to BRAF inhibitor treatment
Approximately 50% of skin melanomas carry activating mutations in BRAF (Davies et al. 2002) , and selective inhibitors are now used to treat patients with BRAF mutant metastatic melanoma. Having shown that BMI1 promotes apoptotic resistance to starvation and anoikis, we wanted to assess response to BRAF inhibition (BRAFi). We conducted this analysis on MA2 cells and their variants because these carry the BRAF V600E mutation. Accordingly, we found that MA2 CTL cells were sensitive to the BRAF inhibitor PLX4720 (Fig. 5 ). Initially, we tested the BMI1 variant and showed that this had acquired significant resistance. We assayed the cells response to longterm (18-d) drug treatment (Fig. 5A) and found that the final cell number was significantly higher for the BMI1 cells (3.5-fold with 0.5 µM PLX4720 and 6.7-fold with 1 µM PLX4720) compared with CTLs. Importantly, this reflected a significant reduction in the levels of apoptotic cells (−60%) and cleaved PARP 72 h after 1 µM PLX4720 treatment (Fig. 5B) . Interestingly, the increased survival of BMI1 cells was specific to PLX4720 and not the classic chemotherapeutics cisplatin, paclitaxel, vinorelbine, and gencitabine (Supplemental Fig. S5G) . By assaying the shCtl and sh-BMI1 MA2 variants, we showed that BMI1 deficiency increased sensitivity to PLX4720 that was proportional to the degree of BMI1 knockdown. After long-term drug treatment, the final cell number was reduced by 27% for sh1 (P < 0.01) and 46% for sh2 (P < 0.001) with 0.5 µM PLX4720 and 24% for sh1 (N.S.) and 52% for sh2 (P < 0.01) with 1 µM PLX4720 (Fig. 5C , right bar graph; Supplemental Fig. S5H ). The reduced viability of these cells correlated with increases in apoptosis (1.6-fold, P < 0.05 for sh1; 3.5-fold, P < 0.0001 for sh2) and PARP cleavage 48 h after treatment with 1 µM PLX4720 (Fig. 5D) . Thus, either increases or decreases in BMI1 levels significantly impact the response of BRAF mutant melanoma cells to BRAFi.
To gain additional insight into the molecular pathways responsible for the acquired resistance of BMI1 cells, we derived resistant populations (called CTL PLX4720 and BMI PLX4720) by exposing MA2 CTL and MA2-BMI cells to different concentrations of PLX4720 (0.5, 2, 3, and 5 µM) for 2 mo. The augmented invasive potential of the BMI1 variant was maintained in the post-drug selection cells (Supplemental Fig. S5I ). Interestingly, we found that BMI1 levels were specifically increased in the CTL PLX4720 variant exposed to the highest drug concentration (Fig. 5E) . Given this finding, we examined available data sets generated from clones of A375 (GSE42872) and WM164 (GSE54711) human cell lines before or after culture with BRAFi. In both cases, BMI1 expression was significantly increased in the post-treatment clones (Fig. 5F ). Expression data are also available for three patient tumors before and after BRAFi treatment, and the two samples with low pretreatment BMI1 levels also showed BMI1 up-regulation after treatment (Fig. 5F ). Thus, exposure to BRAFi can result in increased BMI1.
We also evaluated our CTL PLX4720 and BMI PLX4720 populations for the expression of DE genes that are up-regulated by BMI1 and known to be key determinants for BRAFi resistance in melanoma, such as EGFR, PDGFR, and Wnt5a Anastas et al. 2014; Sabbatino et al. 2014; Sun et al. 2014) . We found that Wnt5a was further up-regulated in all of the BMI PLX4720 populations, compared with vehicle-treated BMI1 controls, and was also specifically induced in the CTL PLX4720 line that had up-regulated its endogenous BMI1 (Fig. 5G) . Notably, the BMI PLX4720 populations, but not the CTL PLX4720 line, also elevated the Wnt5a coreceptor ROR2 (Fig. 5H) . Given these findings, we used three different shRNAs to knock downWnt5a in the MA2 BMI1 variant, yielding 41%, 30%, and 19% of starting Wnt5a mRNA levels (Fig. 5I) . Interestingly, these yielded a correlative reduction in Ror2 mRNA (64%, 44%, and 38%) (Fig. 5I) and also down-regulation of other key components of the EMT, TGFβ, and PDGF pathways (Supplemental Fig.  S5J) . We assayed the apoptotic responses of the Wnt5a knockdown variants to PLX4720 (Fig. 5J ) and saw increased sensitivity that was proportional to the degree of Wnt5a knockdown (1.47-fold, P ≤ 0.01; 1.6-fold, P ≤ 0.001; threefold, P ≤ 0.0001). These data show that BMI1 confers resistance to BRAF inhibitor, and the activation of the noncanonical Wnt5a-Ror2 pathway is critical for this response.
BMI1 loss in vivo impedes melanoma metastasis formation
Tumor-stroma interactions are known to play a key role in cancer progression, but these are not fully modeled in transplant assays. Thus, to investigate BMI1's role in autochthonous melanoma formation, we used a well-established melanoma mouse model (Dankort et al. 2009 ) in which melanocyte-specific activation of heterozygous mutant Braf (Braf V600E ) and loss of Pten are induced by treatment with hydroxytamoxifen (4-OHT). These treated animals (here called Braf/Pten) develop metastatic melanomas (Dankort et al. 2009; Damsky et al. 2011 ). We crossed a Bmi1 conditional allele (Maynard et al. 2014) into this Braf/Pten model and confirmed that topical 4-OHT application yielded efficient recombination of the Bmi1 allele in the skin (Supplemental Fig. S6A ). Initially, we focused on assessing the effect of BMI1 deletion on primary melanoma formation. Previous studies showed that localized administration of 4-OHT onto the shaved backs of adult mice causes the Braf/Pten mice to develop pigmented lesions in 2-3 wk, which yield tumors that require euthanasia ∼10 wk after initiation (Damsky et al. 2011) . We generated Braf/Pten mice that were Bmi1 + /+ or Bmi1 fl/fl , initiated tumor development at 6-8 wk of age, and euthanized these animals once the tumors reached maximal volume (2-cm diameter) and/or displayed ulceration. Animals with more than one tumor or with tumors outside the 4-OHT-treated region (due to Tyr-Cre-ER T2 leakiness) were excluded from consideration. The remaining study animals showed no significant difference (P = 0.33) in time to euthanasia for Bmi1 (Fig. 6A) . Moreover, there was no difference in the histology of primary Bmi1 +/+ versus Bmi1 fl/fl mutant tumors (Fig. 6B,C) . Thus, Bmi1 loss does not alter the initiation or development of primary autochthonous melanomas resulting from Braf/Pten mutations.
We next assessed the impact of Bmi1 status on metastases. Metastases are rare in the localized induction protocol used above because the primary tumors require euthanasia before metastases can arise. Thus, we used an alternative protocol (Damsky et al. 2011 ) in which perinatal 4-OHT treatment yields pigmented lesions that metastasize to lymph nodes, the lung, and the spleen with high penetrance. We performed this perinatal tumor induction and found that all of the mice, irrespective of Bmi1 genotype, developed extensive primary pigmented lesions (Supplemental (Fig. 6D-H) . Since melanin-containing macrophages are often abundant in the lymph nodes of animals with melanoma, we used immunostaining for the melanocytic marker S100 to distinguish metastatic cells from melanin-containing macrophages (Fig. 6G,H) . Strikingly, quantification revealed significantly fewer S100-positive metastatic melanoma cells in the inguinal lymph nodes of Bmi1 fl/fl versus Bmi1 +/+ mice (LN tumor burden of 0.9520 ± 0.08421 vs. 4.380 ± 2.014) (Fig. 6F,G) , indicating that BMI1 loss inhibits metastatic lesion formation.
BMI1-driven gene signature correlates with highly metastatic phenotype in human samples
Our in vitro and in vivo studies establish BMI1 levels as a key determinant of melanoma metastasis. Given these findings, we asked whether our BMI1-induced signature has predictive value for human melanomas. For this, we took advantage of a previous study ) that had clustered 86 human melanoma samples from three different human data sets (the Zurich, Philadelphia, and Mannheim cohorts) and segregated them into weakly (group A), intermediate (group B), and highly (group C) invasive subclasses based on gene expression and invasive potential. We calculated the correlation score of our BMI1-induced signature for samples in the A, B, and C subclasses of the Zurich, Philadelphia, and Mannheim data sets. This revealed a significant enrichment in the highly invasive samples (group C) compared with the remaining samples (groups A and B) for all three data sets (Fig. 7A) . Genes in our BMI1-induced signature with a twofold or greater difference between A+B versus C subclasses in at least two of the three cohorts are shown in the heat maps in Figure 7 , B-D, and listed in Supplemental Table S2 . We then assessed the BMI1-induced signature in the TCGA-SKCM data set that is comprised of both primary and metastatic melanoma samples. Notably, the BM1 signature was able to predict reduced survival (Fig. 7E ) in correlated samples. Moreover, the BMI1-induced signature could also predict reduced survival in primary melanoma samples, as evidenced by analysis of the Winnepenninckx data set (Winnepenninckx et al. 2006) , which is comprised of 83 primary melanomas (P = 0.03643) (data not shown). Thus, the BMI1-induced signature is associated with melanoma metastasis and drug resistance and is highly predictive of poor prognosis of melanoma patients.
Discussion
This study has revealed key insight into melanoma metastasis and the role of BMI1 in this process. Our data show that ectopic expression or loss of BMI1 has no effect on cell proliferation or primary tumor growth. This allowed us to assess BMI1's role in tumor progression independently of its usual proproliferative role. Remarkably, we found that BMI1 acts to shift melanoma cells to a more metastatic state irrespective of their original driving mutations or metastatic potential by promoting all of the steps of the metastatic cascade. Accordingly, loss of BMI1 reduces invasive properties and severely impedes metastatic dissemination, including in autochthonous tumors. Moreover, up-regulation or down-regulation of BMI1 is sufficient to render BRAF mutant melanoma cells resistant or sensitive to the BRAF inhibitor PLX4720, and the Wnt5a-Ror2 pathway plays a key role in this effect. Finally, we identify a BMI1 gene expression signature that is predictive of the invasive subclass of human melanomas and poor survival of melanoma patients.
Previous studies report that human melanomas display two gene expression signatures that correlate with more proliferative or more invasive states (Hoek and Goding 2010) . Computational analyses show that our BMI1-induced signature correlates strongly with the invasive state. We found that TGFβ and noncanonical Wnt signaling, which are core components of the human invasive signature (Hoek and Goding 2010) , plus an EMT program, are key components of our BMI1-induced signature. Upregulation of the noncanonical Wnt pathway is the most consistent change observed across human malignant melanoma and also across our BMI1-induced signature. We found that BMI1 also induces the expression of ROR2, a coreceptor for Wnt5a, and increases expression and activity of PKCα. PKCα is known to contribute to the ability of Wnt5a-ROR2 to promote the invasion and migration of melanoma cells (Dissanayake et al. 2007; O'Connell et al. 2010) , and, accordingly, we found that PKCα inhibition suppresses the migration of the BMI1-expressing melanoma cells (data not shown). Thus, we conclude that this Wnt5a-ROR2-PKC pathway is playing a key role in the elevated metastatic potential of our BMI1-expressing cells.
Canonical Wnt-β-catenin signaling is important for normal melanocyte development and melanoma initiation (Larue and Delmas 2006) . In contrast, its role in metastasis is controversial (Chien et al. 2009; Lucero et , and Bmi1 +/+ mice with lymph node and/or spleen metastases (E); box plots (from minimum to maximum) of lymph node tumor burden evaluated by S100 positive area (F); and representative images of H&E and S100 immunostaining (G,H) of melanin-containing lymph nodes (G) or spleens (H). Bars, 100 µm. See also Supplemental Figure S6. 2010; Arozarena et al. 2011; Damsky et al. 2011 ). In concert with the noncanonical Wnt5a-ROR2-PKC signaling, our BMI1 cells show increased levels of nuclear β-catenin and expression of numerous β-catenin targets. Interestingly, it has been recently reported that Wnt5a can induce β-catenin to be released from N-Cadherin, allowing it to accumulate into the nucleus and promote melanoma cell invasion (Grossmann et al. 2013) . Together, this and our findings suggest that the BMI1-mediated induction of Wnt5a activates both noncanonical and canonical Wnt signaling in a manner that enables invasion and metastasis.
We found that BMI1 up-regulates the invasive melanoma signature without a corresponding decrease in the proliferative signature. Indeed, our BMI1 variants show no alterations in MITF, the key determinant of the proliferative state, or many of its downstream targets. We speculate that the persistence of MITF expression reflects the continued presence of canonical Wnt signaling, which is known to induce MITF. This could explain why we saw little or no alteration of proliferative capacity in the BMI1 cells or the resulting xenograft tumors. However, the continued presence of MITF does create a significant quandary; high MITF is known to impede melanoma invasiveness by suppression of RHO (Carreira et al. 2006 ) and also promote sensitivity to treatment with BRAFi (Muller et al. 2014) , and yet our BMI1 cells show the opposite properties: enhanced invasion and drug resistance. These findings yield two conclusions. First, it is possible to uncouple up-regulation of the invasive program from down-regulation of the proliferative program. Second, the invasive program, and not the proliferative program, appears to be the dominant determinant of therapeutic response, since this clearly overrides the negative effect of MITF on both invasiveness and drug response. Interestingly, MITF is known to confer sensitivity to BRAFi via inhibition of EGFR expression (Ji et al. 2015) . We found that BMI1 expression leads to up-regulation of both EGFR and PDGFR, offering a simple mechanism to counteract the effect of MITF. We believe that EGFR and PDGFR do not act alone to promote resistance in the BMI1-expressing cells but work in concert with Wnt5a. WNT5a is known to modulate chemotherapeutic response (Anastas et al. 2014) , and we observed a marked increase of Wnt5a and Ror2 expression in BMI1-overexpressing populations that are resistant to BRAFi. Moreover, Wnt5a knockdown was sufficient to restore BRAFi sensitivity to the MA2-BMI1 variant. Together, these observations show that the Wnt5a-Ror2 pathway makes a critical contribution to BMI1-induced resistance. Since even partial knockdown of BMI1 confers drug sensitivity in our assays, we believe that BMI1 inhibitors could have significant clinical impact, at least in combination with BRAFi or MEKi, in metastatic melanoma treatment.
Our BMI1-induced signature also has predictive value for human melanomas. First, we found that the signature scores highly in the subset of tumors previously characterized as highly invasive in the Zurich, Philadelphia, and Mannheim cohorts. Second, our analysis of the TCGA-SKCM and Winnepenninckx human data sets showed that the BMI1-induced signature correlates with poor prognosis. As BMI1 is up-regulated in metastatic melanoma, we wondered whether this correlation simply reflected the increased expression of our signature in metastatic disease. However, two observations argue against this possibility. When we considered only primary tumors (the Winnepenninckx cohort), our signature still predicts for poor prognosis and is enriched in the subset of tumors that progressed to metastatic disease during the study time course. Additionally, we re-examined the results of our TCGA data set analysis-in which we saw reduced survival for the top 5% of tumors associated with our signature versus the remaining 95%-and discovered that neither fraction (5% versus 95%) displayed overrepresentation of primary or metastatic tumors (P > 0.12, hypergeometric test) or a significant relationship with tumor grade (P = 0.47, χ 2 test). Thus, the predictive value of our signature is independent of the starting tumor grade.
We are not suggesting that BMI1 is the only route to melanoma metastasis. Our analysis of the paired A375 and MA2 cell lines and the B16 series showed that BMI1 is not always up-regulated during tumor progression. Moreover, we can find human tumor samples that have activated our BMI1-induced signature but do not have high BMI1 expression. That said, our cell-based studies show that BMI1 is a major driver of invasion and metastasis. Moreover, in four different human and murine melanoma gene expression data sets, we saw a strong association between high BMI1 levels and more metastatic tumors. Thus, we conclude that BMI1 offers a major route, but not the only route, to activate our identified invasive gene expression signature and thereby promote metastasis.
BMI1 is up-regulated in a variety of tumor types, and, in several cases, including lung and breast cancer, its expression increases with progression (Glinsky et al. 2005) . We characterized TCGA data from lung adenocarcinoma, breast invasive carcinoma, and colon adenocarcinoma and found that our BMI1-induced signature showed no correlation with survival in these nonmelanoma tumor types (Supplemental Fig. S7 ). Interestingly, previous studies in nonmelanoma cell lines have linked BMI1 to regulators of migration (PTEN) (Song et al. 2009 ) and EMT (Twist) (Yang et al. 2010) , which differ from the BMI1-responsive genes identified in our melanoma cells. Thus, we speculate that BMI1 also regulates invasion, migration, and EMT in other tissues, but the employed pathways will be context-dependent. Notably, our ability to establish BMI1's metastatic role was entirely dependent on the unexpected finding that the proliferative capacity and the rate of primary tumor growth were unaffected by changes in BMI1 levels. For other tumor types, genetic tricks will be necessary to circumvent the known requirement of BMI1 for proliferation and thus allow assessment of BMI1's contribution to progression and drug response.
Materials and methods
Cell line culture and analyses B16F0, B16F1, B16F10, Cloudman S91, 293T, and human umbilical vein endothelial cell lines were obtained from American Type Culture Collection and maintained as recommended. A375 and MA2 (Xu et al. 2008) were grown in DMEM with 10% heat-inactivated FBS and 5% penicillin-streptomycin. Standard procedures were used to generate stable cell lines and assay cell proliferation, migration, adhesion, and survival (see the Supplemental Material).
Gene expression and bioinformatics analyses
All computations were performed in the R statistical computing environment (http://www.R-project.org). The GSE8401 (Xu et al. 2008) , TCGA-SKCM (The Cancer Genome Atlas Network 2015), GSE46517 (Kabbarah et al. 2010) , and GSE29074 (Scott et al. 2011 ) data sets were used to compare BMI1 expression in primary and metastatic melanomas. Differential expression analysis was performed using R/limma (Smyth 2005) .
Total RNA from A375 CTL and BMI1 variants was prepared and sequenced as single-end 50mers on the Illumina HiSeq 2000 (see the Supplemental Material). Reads were aligned using RSEM version 1.2.12 (Li and Dewey 2011) , and differential expression analysis was performed using EBSeq version 1.4.0 (Leng et al. 2013) . Heat maps of row-normalized expression values were created using the Heatplus package in R. The identified RNA-seq DE signature (false discovery rate [FDR] <0.05, fold change >1.5) was used to conduct pathway analyses by Qiagen IPA (Ingenuity Systems, http://www.ingenuity.com) and GSEA using the preranked mode (Subramanian et al. 2005) . MSigDB gene sets (http://www. broadinstitute.org/gsea/msigdb) were considered enriched at a significance level of FDR ≤0.05. Additionally, proliferative and invasive gene signatures (Widmer et al. 2012) were included in GSEAs to test for enrichment. The DE signature was used to score expression profiles of individual samples in the Zurich, Philadelphia, and Mannheim data sets as well as profiles of individual TCGA tumors in skin cutaneous melanoma, breastinvasive carcinoma, lung adenocarcinoma, and colon adenocarcinoma data sets using single-sample GSEA (ssGSEA). Combined up-regulated and down-regulated signature correlation scores were calculated and standardized (z-score). TCGA tumors were stratified based on the standardized score and compared for differences in survival times. Cold Spring Harbor Laboratory Press on December 29, 2015 -Published by genesdev.cshlp.org Downloaded from the lungs were analyzed for metastasis at 4 or 6 wk, respectively. For in vivo extravasation assays, 10 6 B16F10 cells were labeled with CellTracker Orange CMRA (Molecular Probes, Invitrogen Life Technologies) and injected into the tail veins of nude mice (Jackson). After 2 or 48 h, mice were sacrificed, and 4% paraformaldehyde was injected into the trachea. The lungs were dissected, and separated lobes were photographed using fluorescence stereomicroscopy. Six-micrometer cryosections were assessed with the anti-CD31 antibody (BD Biosciences, 550274) and DAPI counterstaining.
Mouse colony and melanoma induction
All animal procedures followed protocols approved by Massachusetts Institute of Technology's Committee on Animal Care. BRaf CA ;Pten ex5lox and Tyr::CreER mice (Jackson) were crossed to BMI1 fl/fl mice (Maynard et al. 2014) . Localized tumors were induced with 1 µL of 8.3mg/mL 4-OHT (70% Z-isomer; Sigma) in ethanol vehicle. Tumor volume was measured [volume mm 3 = 1/2(largest diameter × smallest diameter 2 )] after harvesting. For perinatal treatment, 15 µL of 50 mg/mL 4-OHT in DMSO was painted on the ventral abdomens of 2-and 4-d-old pups. Ki67 and S100 immunohistochemistry was performed as described in the Supplemental Material.
Statistical analyses
Unless otherwise indicated, statistical analyses were performed using Graphpad Prism software with unpaired t-test with Welch's correction for comparison of two conditions or one-way ANOVA with Tukey's test for multiple comparisons. In figures, unless otherwise noted, data are presented as mean ± SEM, where P ≤ 0.05 ( * ), P ≤ 0.01 ( * * ), P ≤ 0.001 ( * * * ), and P ≤ 0.0001 ( * * * * ) were considered statistically significant, and "NS" indicates not statistically significant.
